Abstract-Background: UK veterans who were deployed to the Gulf in 1990 to 1991 reported higher prevalence of neuromuscular symptoms. Objective: To investigate whether these Gulf War-related symptoms were associated with objective evidence of neuromuscular dysfunction. Methods: Forty-nine Gulf War veterans with more than four neuromuscular symptoms (Gulf-ill), 26 Gulf-well veterans, 13 symptomatic Bosnian veterans (Bosnia-ill), and 22 symptomatic veterans who were not deployed to the Gulf (Era-ill) underwent detailed neurophysiologic assessment: nerve conduction studies, quantitative sensory and autonomic testing, and concentric needle and single-fiber electromyography (EMG). Results: Nerve conduction studies detected carpal tunnel syndrome in two Gulf-ill, two Gulf-well, one Bosnia-ill, and three Era-ill veterans. Ulnar neuropathy was detected in one Gulf-ill and two Era-ill veterans. However, results of detailed nerve conduction studies of the Gulf-ill veterans were comparable with results observed in the other three groups. Quantitative sensory and autonomic assessments also failed to show any specific abnormalities in the Gulf-ill group. Similarly, quantitative assessment of concentric needle and single-fiber EMG detected no chronic denervation or myopathic changes or any abnormalities of neuromuscular transmission in the Gulf-ill veterans. Conclusion: Gulf War-related neuromuscular symptoms are not associated with specific impairments of peripheral nerves, neuromuscular junctions, or skeletal muscles.
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Veterans of the Gulf War (1990 to 1991) reported chronic multiorgan symptoms shortly after returning from the conflict. These symptoms, which included nonspecific complaints such as fatigue, neurocognitive impairments, sensory disturbances, and musculoskeletal pain, were described more frequently by Gulf War veterans than their nondeployed peers. 1 Despite the high prevalence of these symptoms, population-based studies have failed to identify a widespread disorder that could be linked to the Gulf War conflict. [2] [3] [4] As a result, the etiologic basis and clinical importance of the veterans' symptoms remain unclear.
Recently, the US Department of Defense has accepted ALS as a Gulf War-related condition, but there are still no peer-reviewed data to support this. The fact that some troops may have been exposed to chemical compounds and vaccines during the conflict has led some researchers to believe that this exposure was one of the causes of Gulf War-related symptoms. 5, 6 The possibility of a chemically induced neuropathic syndrome was strengthened by the findings that deployed military personnel were issued insect repellents that contained organophosphates and were provided with prophylactic medications containing pyridostigmine bromide. 7 Many soldiers also wore flea collars containing pesticides that may inhibit various cholinesterases and neuropathy target esterase. 5, 8, 9 Such exposure to combinations of organophosphates and other chemicals has been claimed to produce symptoms similar to those experienced by Gulf War veterans. 5, 9, 10 Indeed, recent studies suggest that this exposure may cause distal sensorimotor axonopathy 5, 9, 11 and may initiate structural or functional damage at the motor endplate of the neuromuscular junction or autonomic nervous system. [12] [13] [14] [15] However, further studies have failed to show objective abnormalities in veterans with neuromuscular symptoms. 16, 17 Such discrepancies are probably due to methodologic limitations that include 1) small sample sizes (ranging from 5 to 20 veterans), 2) inclusion of highly selected samples or self-referred troops, 3) lack of exhaustive neurophysiologic assessments to detect subtle disturbances of neuromuscular functions, and 4) use of normative data from civilian controls to interpret neurophysiologic results from Gulf War veterans.
We sought to determine whether the neuromuscular symptoms reported by UK Gulf War veterans were related to objective abnormalities of peripheral nerves, skeletal muscles, or neuromuscular junctions. The study also evaluated the incidence of these abnormalities if they occurred to determine whether they were specific to veterans who served in the Gulf War.
Subjects and methods. Subjects. We invited a group of 142 military men from the Royal Navy, Army, and Air Force to participate in this study. They were selected at random from our database of 8,195 service personnel who had completed the Questionnaire into Health of UK Servicemen, Short Form-36 (SF-36), and other health outcome questionnaires, as described earlier. 4 Responses to these questionnaires were collected between August 1997 and June 1998. The database contained 3,531 UK military personnel who were deployed to the Gulf region during the 1990 to 1991 conflict. The database also contained control cohorts that were stratified for age and rank and included servicemen deployed to the Bosnia conflict between April 1992 and February 1997 (Bosnia cohort; n ϭ 2,058) and those serving in the UK armed forces during the Gulf War but not deployed there (Era cohort; n ϭ 2,614). For the purpose of this study, we randomly selected from the three groups symptomatic servicemen who had scored more than four of the self-reported symptoms of neuromuscular dysfunction. These symptoms included fatigue, joint stiffness, muscle weakness, myalgia at rest or after exercise, sensory symptoms (e.g., paresthesias or numbness of the fingers or toes), and autonomic symptoms (e.g., disturbances of bladder, bowel, or sexual functions). We then created a sum score of the neuromuscular symptoms and identified the median value in the Era cohort. This along with having an SF-36 score of Ͻ72.2 were the entrance requirement for this study, as outlined previously. 4 In addition to the three symptomatic groups, we randomly selected troops who had participated in the Gulf War but reported fewer than two of the neuromuscular symptoms listed above. These personnel were designated as the Gulf-well group and were stratified for age and rank. Of the 142 randomly selected troops who initially agreed to participate, 110 consented to take part in this study. Ten of the remaining 32 troops who withdrew consent were symptomatic Gulf War veterans, 7 were Gulf-well troops, 6 were Bosnia veterans, and 9 belonged to the Era cohort. The four clinical groups who consented to take part were divided as follows: 26 "healthy" Gulf War veterans (Gulf-well group), 49 symptomatic Gulf War veterans (Gulf-ill group), 13 symptomatic Bosnian veterans (Bosnia-ill group), and 22 symptomatic troops who were not deployed to the Gulf (Era-ill group) (table 1). Sixty servicemen (45.5%) were still serving in the UK armed forces; the rest had left the services. In this study, we restricted our analyses to men. Although 1,235 women served in the UK armed forces during the Gulf War, their role and background health complaints were different from those of servicemen. 4 Clinical assessment and nerve conduction studies. All participants were examined over a 2-day period by investigators who were not aware of their group status or clinical symptoms. We re-evaluated the participants' selection criteria at study entry by assessing their neuromuscular symptoms using a questionnaire that determined whether they were still complaining of sensory, motor, or autonomic symptoms or fatigue (see table 4 ). In addition, all underwent neurologic and physical examinations that included measurements of body weight, height, and arm length. They subsequently underwent comprehensive neurophysiologic assessments. Nerve conduction studies were performed on the dominant limbs and also on the symptomatic side if symptoms were unilateral, using Keypoint-2 machine (Dantec, Hudsund, Denmark) at skin temperatures of 34°C. Nerve conductions in 102 participants were performed by the same investigator who was blinded to group status or symptom profile. Analysis of motor conductions involved recording of distal motor latency, amplitude of compound motor action potential (CMAP), motor nerve conduction velocity (CV), and F-wave latency. We also measured the amplitude of sensory nerve action potentials (SNAP), sensory peak latencies, and CV. Results were corrected for arm length.
Quantitative sensory and autonomic function tests. We calculated thermal thresholds in the dominant hand and foot to evaluate the functions of unmyelinated (C) and small myelinated (A-␦) fibers using a TSA-2001 machine (Medoc Ltd., Ely, UK), according to our previous protocols. 18 We also measured vibration perception thresholds as indicators of large-diameter sensory fiber function, 19 using a VSA-3000 vibrometer (Medoc Ltd.). Autonomic functions were evaluated on resting participants, in supine position, as outlined previously. 18, 20 In addition, we examined the thermoregulatory function of sympathetic skin response through transepidermal water loss using a Der- malab evaporometer (Cortex Technology, Hudsund, Denmark), as described elsewhere.
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Needle and single-fiber EMG. Concentric needle EMG was performed on both proximal and distal muscles in the upper and lower limbs (biceps brachii, first dorsal interosseus, vastus medialis, and tibialis anterior). The main aims of needle EMG were to 1) detect and quantify denervation activity, 2) assess chronicity through evaluation of the extent of reinnervation changes, 3) evaluate the topographic distribution of changes (proximal versus distal, upper versus lower limbs, or confined to one spinal root or nerve), and 4) detect myopathic changes. We also conducted turns-amplitude analysis of the interference pattern according to published protocols 22 to quantify potential loss of motor units or enlargements of individual motor unit action potentials. 22 Single-fiber EMG was employed to detect muscle changes due to neurogenic conditions, myopathies, or disorders of neuromuscular transmission. 23 For this purpose, we performed single-fiber EMG on the dominant extensor digitorum communis muscle in all participants. In each test, 20 potential pairs were recorded, and fiber density and mean value of consecutive differences (MCD) were determined, according to standard protocols. 23 Concentric needle and single-fiber EMG studies on 93 veterans were performed by the same investigator; the rest were assessed by a second investigator. Subgroup analysis showed that the interrater variability was Ͻ5%.
Statistical analysis. All results were analyzed with SPSS software package (version 10; SPSS, Chicago, IL). Before each statistical test, the distributions of data in each clinical group were tested for normality by the Shapiro-Wilk normality test. If the distribution being compared satisfied the normality test, the null hypothesis was examined with the two-sample Student's t-test or 2 test. If the distribution failed the normality test (p Ͻ 0.2), we used the nonparametric Mann-Whitney U test, with continuity correction. We also performed a univariate repeated-measures analysis of variance under the generalized linear model to minimize the risk of falsely positive (type I) errors from testing multiple hypotheses while avoiding falsely negative (type II) errors from excessively conservative Bonferroni corrections. In addition, we performed multivariate logistic regression analyses to study relations among variables in each clinical group.
Results. Prevalence of neuromuscular symptoms.
During the initial assessment between August 1997 and June 1998, Gulf-ill veterans and other participants reported several motor symptoms that included proximal or distal weakness, poor coordination, and neuromuscular fatigability (table 2) . Similarly, several veterans reported sensory and autonomic symptoms during initial assessment (table  3) . When the neuromuscular symptoms were evaluated at study entry, the majority of participants who were originally classified as Gulf-well remained well. The SF-36 score changed in only two previously Gulf-well veterans, who also had gastrointestinal symptoms but did not experience any muscle weakness or fatigability. Therefore, these two veterans were still considered Gulf-well during statistical analysis. Among the 49 participants who were originally classified as Gulf-ill, 19 reported improvement in their neuromuscular symptoms and were considered Gulf-improved. Similarly, seven Era-ill veterans and a * Some participants reported multiple symptoms.
CV ϭ cardiovascular; GU ϭ genitourinary; GI ϭ gastrointestinal.
Bosnia-ill veteran reported neuromuscular improvement from initial analysis. Clinical assessment. Physical examination of all participants was generally unremarkable. Similarly, manual testing of muscle power and coordination, assessment of the deep tendon reflexes, and clinical sensory evaluation showed no abnormalities. There was specifically no clinical evidence for peripheral neuropathy or fatigable muscle weakness. However, we detected clinical features of mild median nerve compression at the wrist (carpal tunnel syndrome) in two Gulf-ill, two Gulf-well, one Bosnia-ill, and three Era-ill veterans. Similarly, clinical features of mild ulnar neuropathy were identified in one Gulf-ill veteran and two servicemen from the Era cohort.
Nerve conduction studies. We first examined the reproducibility of nerve conduction data in a subgroup of 12 veterans. The intrarater variability of results was Ͻ3% and interrater variability was 4.1%. All participants, except one serviceman from the Era cohort, underwent full nerve conduction studies. The clinical diagnosis of carpal tunnel syndrome in the eight veterans described above was confirmed by nerve conduction studies, which showed delayed latencies of median SNAP or CMAP and reduced median nerve motor CV (table 4) . Similarly, reduced ulnar SNAP and mild slowing of ulnar motor CV at the elbow confirmed the diagnosis of ulnar neuropathy in the three servicemen described in the previous section. Sensory conduction studies also revealed small sural nerve SNAP in 5 ). More specifically, there was no evidence for axonal or demyelinating peripheral neuropathy. Likewise, comparisons of motor conduction measurements from median, ulnar, and common peroneal nerves failed to show any major peripheral nerve abnormalities in the Gulf War veterans who initially reported neuromuscular symptoms or in the control groups (see table 5 ). When nerve conduction results were analyzed according to the participants' current neuromuscular status, we detected no differences between the Gulf-persistent ill group and the Gulf-improved cohort or the other groups.
Quantitative sensory and autonomic testing. We then conducted a battery of quantitative sensory evaluations to further analyze the integrity of sensory axons. We found no significant difference in vibration perception thresholds between symptomatic Gulf War veterans and other servicemen (table 6), thereby ruling out impairment of largediameter sensory fibers. Examination of small sensory fibers showed marginally raised warm sensory thresholds in the feet in four Gulf-ill, one Bosnia-ill, and two Era-ill veterans (see table 4 ). However, overall warm and cool sensory thresholds in the Gulf-ill veterans were not different from corresponding results in other servicemen (see table 6 ). Similarly, when quantitative sensory findings were analyzed according to current symptoms, similar results were detected in the Gulf-persistent ill, the Gulf-improved, and the other groups. Assessment of thermoregulatory functions in the face and limbs showed no significant impairment of sweating in the study cohort (see table 6 ). We also evaluated cardiovascular reflexes in 18 Gulf-well, 39 Gulf-ill, 8 Bosnia-ill, and 30 Era-ill veterans. Such evaluation showed no real differences between these groups (see table 6 ).
Concentric needle EMG.
Having established the functional integrity of the peripheral nervous system in Gulf War veterans, we then performed detailed EMG assessment to rule out chronic denervation or myopathic changes or abnormalities of neuromuscular transmission. Qualitative assessment of concentric needle EMG of proximal and distal muscles revealed no spontaneous activity, abnormalities of motor unit recruitment, or myopathic changes in the study cohort. The combined mean percentage of polyphasic units in all four muscles examined in the Gulfill servicemen (6.1%) was relatively similar to mean polyphasia in the Gulf-well (7.7%), Bosnia-ill (7.9%), and Era-ill (9.1%) servicemen. We considered these results to be within the acceptable normal range. Further quantitative EMG variables in symptomatic Gulf War veterans also failed to show any significant abnormalities in the amplitude or duration of motor unit action potentials ( figure 1) . Similarly, turns analysis showed no substantial changes in the mean number of turns (Ϯ SD) in symptomatic Gulf War group (240 Ϯ 96 turns/s) and the Gulf-well (299 Ϯ 82 turns/s), Bosnia-ill (316 Ϯ 106 turns/s), or Era (283 Ϯ 85 turns/s) veterans. Moreover, the ratio of the number of turns per second to mean amplitude was comparable between the four groups of servicemen (data not shown).
Single-fiber EMG. Although concentric needle EMG and turns-amplitude analyses showed no neurogenic or myopathic features, we used single-fiber EMG to exclude subtle neuromuscular dysfunctions. We adopted standard criteria to define abnormal single-fiber EMG findings in the study cohort. These criteria included 1) abnormal pairs Ͼ 10%, 2) intermittent blocking pairs Ͼ 15%, and 3) mean MCD of collected pairs Ͼ 40 microseconds. We allowed two MCD measurements out of 20 to exceed 35 microseconds to account for normal variations during single-fiber EMG recording. 24 In preliminary assessment of four servicemen, the interanalysis variability of mean MCD was Ͻ1.6%. We could not collect satisfactory results from six servicemen (three Gulf-ill, one Gulf-well, and two Era-ill) because of low pain threshold or technical difficulties. Twenty potential pairs were collected from most remaining servicemen, although we obtained fewer pairs (at least nine) from three Gulf-ill, one Bosnia-ill, and two Eraill veterans. In these six veterans, we determined a theoretical "third highest out of 20" by a weighted interpolation scheme based on the statistical distribution of the 95th percentile, as discussed elsewhere. 23 Results obtained from all participants detected no impulse blocking. Two symptomatic Gulf War veterans and one Era-ill serviceman had marginally abnormal mean MCD (all Ͻ40 microseconds). However, mean values of MCD from the whole group of symptomatic Gulf War veterans were equivalent to values obtained from other servicemen included in this study (figure 2) . Similarly, fiber density values were relatively similar in all groups (see figure 2) .
Discussion. The results of this study show no objective evidence for peripheral neurologic disorders in Gulf War veterans who reported neuromuscular symptoms. The participants recruited into this study were randomly selected from larger cohorts and included unique comparison groups that are more representative of military forces than previous studies. 7, [15] [16] [17] By including these representative groups and through the use of robust and highly sensitive neurophysiologic tests, we provide convincing evidence that the symptoms reported by Gulf War veterans were not associated with objective generalized neuro- SNAP ϭ sensory nerve action potential; SNCV ϭ sensory nerve conduction velocity; DML ϭ distal motor latency; CMAP ϭ compound motor action potential; MNCV ϭ motor nerve conduction velocity.
logic or neuromuscular dysfunction. However, some neurogenic symptoms that were reported by Gulf War veterans and other servicemen studied here could be attributed to focal compressive neuropathies such as carpal tunnel syndrome or ulnar neuropathy. These are common neurologic syndromes that are known to occur following repetitive activities of the upper limbs, 25, 26 and are not specifically related to Gulf War deployment.
Our findings of relatively normal electrophysiologic tests in Gulf War veterans are at variance with the results of an earlier study, 7 which reported abnormalities of cold sensory thresholds and sensory nerve conductions in 14 self-referred UK Gulf War veterans compared with civilian control subjects. Similarly, a recent study reported abnormal quantitative tests of cold sensation and borderline slowing of nerve conductions in five highly selected US Gulf war veterans, 15 but no controls were included. Although both studies reported abnormal quantitative sensory results, suggesting small-fiber involvement, they used psychophysical tests that required the participants' subjective input. Therefore, such tests are not entirely objective. Consequently, we supplemented the quantitative sensory testing with the evaluation of autonomic functions, including thermoregulation through transepidermal water loss. The latter test is relevant in comparing our results with earlier findings, as it is more objective than quantitative sensory testing in the detection of small-fiber sensory deficit. 21 Therefore, the normal thermoregulatory results presented here provide further evidence for the integrity of small sensory fibers in Gulf War veterans. Moreover, the nerve conduction results that have been reported earlier 7, 15 were not standardized for the veterans' height or skin temperature. Cooling has substantial effects on nerve conduction studies, including reduced conduction velocity, prolonged distal latency, and impairment of CMAP and SNAP amplitudes. [27] [28] [29] Similarly, arm length influences nerve conduction measurements. [30] [31] [32] In agreement with our findings, two previous but uncontrolled studies 16, 17 reported no electrophysiologic abnormalities in US Gulf War veterans who had neuromuscular symptoms. These negative results argue against the possibility that UK troops did not have the same exposure to potentially neurotoxic factors as US troops. We further extend these earlier observations in US troops by reporting that electrophysiologic data from symptomatic UK Gulf War veterans were comparable with those obtained from Gulf-well veterans or from "ill" servicemen who were not deployed to the Gulf region. Moreover, we detected no evidence for ALS in Gulf War troops, and there were no objective abnormalities of autonomic nervous system, neuromuscular transmission, or skeletal muscles in symptomatic veterans.
Results of the single-fiber EMG presented here are of particular interest, as they would argue against potential toxic causes of Gulf War-related symptoms. Some of these symptoms have been variably attributed to organophosphates, pyridostigmine, or exposure to other chemicals. 10, 33, 34 Indeed, certain neuropathic symptoms were ascribed to organophosphate-related disorders of neuromuscular transmission, 5, 35 chemically induced delayed polyneuropathy, 5 or pyridostigmine-induced junctional myopathy. 36 We did not observe electrophysiologic abnormalities such as disorders of neuromuscular transmission or neuropathy to support toxicity from organophosphates or pyridostigmine. However, our results do not exclude the possibility that some neuromuscular symptoms reported by Gulf War veterans may be caused by chemically induced mitochondrial deletions. 37 Although this did not seem likely in our cohort because of the prevailing sensory symptoms, muscle biopsy studies and relevant biochemical assays are under way to investigate this possibility. Our results also could not rule out a central neurologic (brain or spinal cord) origin of some of the symptoms reported in this study. In this respect, it is of relevance that some Gulf War veterans were reported to show reduction of functioning neuronal mass in the basal ganglia and brainstem. 38 However, these cerebral abnormalities are likely to cause central complaints such as cognitive impairment or spinothalamic pain 38 rather than peripheral neurogenic symptoms.
In this study, we found no diffuse electrophysiologic abnormalities in Gulf War veterans who reported neuromuscular symptoms after returning from the conflict. Some of the troops' symptoms may be related to minor impairments of median or ulnar nerve conductions, which were not specifically connected to active service in the Gulf region. However, our findings revealed no neurophysiologic evidence for a specific neuromuscular disorder that could be linked to previous deployment in the Gulf War. 
